Abstract-The design and development of a phase fluorometric oxygen (O 2 ) sensor system using single-chip CMOS detection and processing integrated circuit (DPIC) and sol-gel derived xerogel thin-film sensor elements is described. The sensor system determines analyte concentrations using the excited state lifetime measurements of an O 2 -sensitive luminophore (tris(4,7-diphenyl-1,10-phenathroline)ruthenium (II)) embedded in the xerogel matrix. A light emitting diode (LED) is used as the excitation source, and the fluorescence is detected by the DPIC using a 16 16 phototransistor array on-chip. The DPIC also consists of a current mirror, current-to-voltage converter, amplifier, bandpass filter, and phase detector. The DPIC output is a dc voltage that corresponds to the detected fluorescence phase shift. With a 14-kHz modulation frequency, the entire system including driving the LED consumes 80 mW of average power. The sensor system provides stable, reproducible, analytically reliable, and fast response ( 20 s) to changes in the gaseous oxygen concentrations and establishes the viability for low cost, low power and miniaturized biochemical sensor systems.
I. INTRODUCTION
O XYGEN ( ) sensors play an important role in various biochemical, food and beverage, and environmental applications [1] . In general, optical sensors are more attractive than conventional amperometric devices, such as Clark electrodes (CEs), because optical sensors do not consume , are not easily poisoned by sample constituents, and have fast response characteristics [2] - [4] . Following recent trends in the sensor technologies, there is a growing demand for sensors that are low cost, low power, miniaturized, and easily mass producible [5] , [6] . Many of the above listed features can be achieved by the use of standard CMOS (complementary metal oxide semi-conductor) technologies for the development of monolithically integrated detection and signal processing components that form an essential part of an optical sensor system [7] , [8] .
Over the past several years, we [9] - [14] and others [15] - [18] have been developing sol-gel derived xerogel platforms for sensing. Xerogels are nanostructured porous glasses that are produced under ambient conditions. Xerogels have several advantages including good thermal stability, tunable sensitivity, and optical transparency. Also xerogels can be used for sequestering a wide variety of active agents (e.g., luminophores) within their porous structures [19] . Typically, optical sensors operate on the measurement of the luminescence intensity [11] , [20] or lifetime [14] , [21] , [22] of active agents like ((tris(4,7-diphenyl-1,10-phenathroline) ruthenium(II), ) sequestered within the xerogel architecture. Intensity measurements are typically made using a steady-state optical excitation source [for example, an light emitting diode (LED) with a constant bias]; the signal of interest is then the intensity of the luminescence from the luminophores. The presence or absence of the analyte of interest will then cause the luminescence intensity to increase or decrease. Lifetime measurements require the optical excitation source to be modulated, producing a modulated luminescence signal. The luminescent signal will have a phase shift relative to the excitation signal that can be measured and related to the lifetime, which can then be related to analyte concentration.
Optical sensors based on the measurement of the luminescence lifetime can be more attractive in comparison to those based on the measurement of intensity for several reasons including: 1) minimal susceptibility to light source (stimulation) and detector drift; 2) insensitivity to changes in optical path; 3) insensitivity to drift due to luminophore degradation and/or leaching. However, the direct measurement of the luminophore excited state lifetimes of the luminophores can necessitate elaborate signal detection and processing instrumentation when performed in the time domain because the lifetimes are relatively short [23] . Phase fluorometry is an alternative to time-domain methods that is realistically simple and requires less effort in the development of the signal detection and processing instrumentation [22] , [24] . In this approach, the sample is excited with sinusoidal modulated light and the phase shift between the excitation and the luminescence is measured [25] .
Previously, we demonstrated the feasibility of developing luminescence intensity based sensors systems by using CMOS photodetectors and xerogel thin-film sensor elements [26] - [28] . In the current work, we demonstrate the first example of an integrated phase fluorometric sensor system using xerogel sensor elements in concert with a novel single-chip CMOS detection and processing integrated circuit (DPIC). There are previously published works by us [29] and other groups [22] , [24] which describe related low cost integrated systems using CMOS and/or volume production signal processing components. However, all previous systems are based on discrete components that consume much more power in comparison to our DPIC system. Moreover, all previous systems used external detectors such as silicon photodiodes and thus have limited options for miniaturization. Fig. 1 shows the simplified DPIC block diagram. In the current article, we describe the essential parameters that are to be considered in the development of these sensor systems including the photodetector design, factors limiting the operating frequency, and factors that influence the sensor system sensitivity. Section II provides the essential background of luminescence quenching and the description of the Stern-Volmer intensity and lifetime equations which form the basis of luminescence based sensor systems. Section III describes the procedure for fabricating the xerogel based sensor elements. Section IV describes the DPIC design and component development. Finally, Section V describes the experimental setup and the preliminary results detailing the system performance as an sensor.
II. BACKGROUND
In the simplest scenario, we assume all the luminophore molecules are equally accessible to the molecules (a generally acceptable assumption), so luminophore quenching by can be described by the Stern-Volmer equations [25] (1) where and are the luminescence intensity or lifetime in the absence of respectively, and are intensity or lifetime in the presence respectively, is the Stern-Volmer constant, is the bimolecular quenching constant and is the fractional gaseous concentration. In phase fluorometry, the method employed in our sensor system, the luminophore is excited with a sinusoidally modulated light with a modulation frequency, . The resulting emission is at the same frequency, but is phase shifted, , with respect to the excitation and the extent of the phase shift depends on the luminophore excited state lifetime ( ) [25] (2) Therefore, from (1) and (2), measurements of the phase shift, provides a convenient way to monitor analyte/quencher concentrations.
III. XEROGEL SENSOR FILM FABRICATION

A. Reagents and Materials
The following reagents are used: tris(4,7'-diphenyl-1-10'-phenathroline) ruthenium(II) chloride pentahydrate (GFS Chemicals); tetraethoxysilane (TEOS), and -octyltriethoxysilane (C8-TEOS); HCl (Fisher Scientific); and ethanol (EtOH) (Quantum Chemical).
is purified as described in the literature [30] . All other reagents are used as received. All aqueous solutions are prepared with deionized water that has been treated with a Barnstead NANOpure II system to a specific resistivity of 17.7M cm. Standard glass microscope slides (Fisher Scientific Co.) are used as the xerogel film substrate.
B. Preparation of Sensor Films
The sol stock solution is prepared by physically mixing 0.513 mL of C8-TEOS, 0.362 mL of TEOS, 0.625 mL of EtOH, and 0.200 mL of 0.1-M HCl in deionized water. The stock solution is sonicated for 1 h under ambient conditions. Glass microscope slides are cut into 25 mm 25 mm pieces, and cleaned using the following protocol: 1) 15 min soaking in acetone; 2) wash with copious amounts of deionized water; 3) 1 h soaking in 1-M NaOH; 4) wash with copious amounts of deionized water; 5) 1 h soaking in 1 M HCl; 6) wash with copious amounts of deionized water; 7) dry slides in an oven at 70 C for 1 h. To fabricate the -responsive sensor films an 80-L aliquot of the stock solution is physically mixed with a 20-L aliquot of 12.5 mM . An 80-L aliquot of this doped sol mixture is then pipetted onto a clean glass microscope slide. The resulting film is allowed to age in the dark at room temperature for ten days before testing. IV. DPIC SYSTEM DESCRIPTION AND COMPONENT CHARACTERIZATION The 2.2 mm 2.2 mm DPIC is fabricated using the AMI 1.5 m CMOS process available through MOSIS [31] . Fig. 2 is a microphotograph of the DPIC. The DPIC consists of phototransistor array (PT1 in Fig. 2) , current mirror, current-to-voltage converter, amplifier, bandpass filter, and phase detector. A few off-chip passive devices are also required, and will be described later.
A. Detector Block
The 16 16 phototransistor array measures 720 m 720 m. Fig. 3 shows the layout of a phototransistor pixel. The vertical phototransistor is formed by the p-active (emitter)/n-well (base)/p-substrate (collector), and has one of the highest responsivities of the photodetectors available in this standard CMOS process [26] , [28] . The polysilicon grid shown in Fig. 3 covers the n-well (base) to form a ring around the p-substrate (collector) contact. The polysilicon grid is set to the highest potential (5 V within our system) to increase the depletion region where the photogenerated carriers can be easily swept toward the p-active region (emitter). The phototransistor produces currents that are about 100 to 1000 times larger in comparison to a comparably sized photodiode. However, the tradeoff is a bandwidth in the range of few hundred kilohertz compared to the megahertz or higher bandwidth of a photodiode. Fig. 4 shows the detector block circuit diagram with the phototransistor array, current mirror, and current-to-voltage converter. The vertical phototransistor can only be used in an emitter-follower configuration, converting the input optical signal to an output electrical current signal. For very low current levels, such as those resulting from LED-based fluorescence sensors, real-time current amplification is required; a simple current mirror can be used for this task, as implemented by the transistors (P1-P5). In our system, the current gain is set to 10 A/A, and thus is amplified to . The amplified current, , is then converted into a voltage, , by using a linearcurrent-to-voltage converter formed by the transistors (P6-P7, N1-N2). The linear current-to-voltage converter is based upon the channel length modulation effect in short-channel devices [32] . The current-to-voltage converter output drives the common-source amplifier implemented by P8 and N3 which produces an output voltage, . The detector block operation is as follows: an increase in the intensity of the optical signal on the phototransistor causes an increase in which causes an increase in . Since, N1 and N2 are biased at a fixed gate-to-source voltage,
, an increase in causes the drain current through P6 to decrease. The current thorough P6 is mirrored to P7, and the decrease in the drain current through P7 causes , the drain-to-source voltage of N2, to decrease because the gate-to-source voltage of N2 is fixed at . A decrease in the value of causes to increase concomitantly. Fig. 5 illustrates the measured detector responsivity as a function of wavelength obtained by recording from the detector system at a known wavelength and light fluence. A xenon arc lamp served as the white light source and a monochromator (Acton Research, Model: SpectraPro 2300i) with a full width at half max (FWHM) bandpass of 4 nm was used to control the wavelength. The optical power impinging upon the detector is measured using an optical power meter (Coherent, Model: Fieldmaster K538). Our new detector system exhibits an analytical useful wavelength response from 475 nm to at least 675 nm (note that the absorption coefficient for Si drops significantly for wavelengths greater than 690 nm [33] ) The average responsivity is 35 V W near 600 nm; the emission maximum. At 675 nm, the responsivity peaks above 45 V W, which indicates the wavelength that provides the largest output signal for a given optical input power. Our xerogel emits at a fixed wavelength (around 595 nm), so clearly a different luminophore that emits at a longer wavelength would be better.
Another important characteristic is the effective dynamic range as a function of intensity that impinges upon the detector. In the current embodiment, the current-to-voltage converter is designed to operate in a fixed range of current inputs set by the dimensions or aspect ratios ( ) of the transistors P6, P7, N1, and N2. Moreover, in the current-to-voltage converter must be set to an appropriate value based on the average intensity of the optical input falling on the detector. Fig. 6 shows the effects of and incident beam power impinging upon the detector on the observed output voltage, . The optical input power from a He-Ne laser ( : 633.2 nm, Hughes, model: 3224H-PC) is measured by using an optical power meter (Coherent, Model: Fieldmaster K538). The laser power is adjusted by using a variable transmission coefficient neutral density filter (Thorlabs, model: NDC-50C-4]). From past experience, we know that the average luminescence intensity of these xerogel sensor films is between 20 and 80 nW, so based on the results shown in Fig. 6 , we choose a of 1.3 V. The frequency bandwidth of the detector block is also very important especially for a modulation-based device. To verify the bandwidth of this circuit, we use a yellow LED ( nm, Radio Shack: 276351) as the test light source, because its optical output is similar to . The LED is biased with an electrical signal that has a constant dc level of 1.5 V modulated with a 780-mV peak to peak ac component. The resulting optical power falling on the detector at all frequencies is 250 nW. Thus, we measure the voltage, , as a function of LED modulation frequency using the value of 1.5 V; Fig. 7 shows this result. The exponential decrease in the voltage with increasing modulation frequency is evident; this makes clear the need for a tradeoff in the modulation frequency, which is discussed later. In the sensor system, the luminescent intensity is much lower than that used to generate Fig. 7 . A lower intensity means must be properly adjusted according to 
B. Amplifier and BandPass Filter
The current-to-voltage converter output is voltage shifted and amplified by using a standard folded cascode operational amplifier (opamp) with a gain of 10 V/V [34] . The opamp is followed by the bandpass filter, which consists of a first order high-pass stage followed by a first order low-pass stage separated by a source-follower stage [34] . The high-pass filter is formed by using a series connected external capacitor and a voltage divider acting as a parallel resistance. The low-pass filter is based on a standard -configuration using 220-pF external capacitors.
C. Phase Detector
In the final stage the bandpass filtered output is directed to a phase detector. The phase detector produces an output dc voltage that is proportional to the phase shift, , between the signal obtained from the phototransistor and a reference signal obtained from the function generator driving the excitation source. The phase detector consists of three stages: 1) a comparator stage; 2) an exclusive OR (XOR) stage; and 3) a low-pass filter [29] , [35] . The comparator stage is implemented with a differential amplifier. Again, the low-pass filter is a -configuration using an external 1000-pF capacitor. The phase detector operates over the frequency range of 5 kHz to 1 MHz, and can respond to phase shifts between 0 and 180 with an average resolution of 25-mV/degree. A more detailed examination of the phase detector has been given elsewhere [29] .
V. EXPERIMENTAL RESULTS AND DISCUSSION Fig. 8 shows the block diagram of the sensor system and experimental test setup. It consists of a laboratory dc power supply (Instek, model: 3303) and function generator (Tektronix, model: AFG320) connected to a custom built LED driver circuit. The excitation LED ( nm, Radio Shack, model: 276-316) uses 5 mA with a 1.0 V (peak-to-peak) sinusoidal signal on a 2.8 V (dc) bias. The sensor response is measured as a function of gaseous concentration at room temperature (23 C). The concentration is varied by changing its relative percentage with respect to gaseous concentration. The gases are mixed within a custom built gas mixing manifold, consisting of a matched pair of flow controllers (Gilmont Instruments, model: 77701-2) connected to and gas cylinders.
In the ideal case, the Stern-Volmer plots ( versus ) for a sensor are linear [12] ; however, there are numerous reasons for non-linear response profiles (e.g., a background signal arising from the luminescence from an unquenched luminophore population that are inaccessible to the oxygen and/or leakage of the excitation light through the optical filter) [26] .
As shown by (2), the phase sensitivity increases with modulation frequency. However, as we notice from Fig. 7 , the detector block voltage output decreases exponentially with increased frequency of modulation. Increasing the excitation source intensity is an option to address this problem; however, this causes the strength of the background signal to increase as well due to the leakage of the excitation light through the optical filter. In terms of modulation frequency, higher is better (it provides a larger phase shift). However, the higher frequencies produce a smaller node voltage (see Fig. 7) . A larger output voltage swing can be achieved with a higher optical power, but we are limited by the configuration to 20-100 nW, as shown in Fig. 6 . Thus, 14 kHz represents an acceptable value within these constraints.
In operation, the LED excites the -doped xerogel film. The resulting optical signal is passed through a longpass optical filter ( nm, Melles Griot, model: OG 570) to remove the excitation radiation, and the luminescence is detected by the phototransistors within the DPIC. After the signal is processed by the DPIC, the phase detector produces a dc voltage value proportional to the phase shift between the signal obtained from the phototransistor and a reference signal obtained from the function generator. The dc voltage value is manually translated to degrees using a preset calibration for the phase detector. The resulting phase shift is labeled . After this measurement, the long-pass optical filter is replaced by a short-pass optical filter ( nm, Melles Griot, model: SWP 406) and a neutral density filter to provide an excitation output comparable to the luminescence intensity and to prevent the detector from being saturated. Following the same procedure as previously described, the dc value provided by the phase detector is noted. The resulting phase shift is . Thus, the phase shift proportional to the excited state lifetime (or concentration) is given by . This multistep process is required to cancel out the phase shift of the detection circuitry itself; the second step is the "dummy" measurement that is used to provide the phase information of the circuitry. Fig. 9 illustrates the sensor response as a function of concentration. These results show that the response time is on the order of 20 s. An exponential fit to the data as the concentration increases yields an average decay time constant is s. The results also show that the system is completely reversible, within the limits of the manual flow control valves. The curve in Fig. 9 appears to indicate that there is some hysteresis, while in fact there is none. The time required for the sensor to transition from low to high is faster than the high to low transitions, and in the experiments, the same amount of time was allotted for each transition. If the process were allowed to continue at each step of decreasing , the phase angle value would saturate at the same value as that for the increasing transitions for the same . The phase angle decreases as the concentration increases as expected due to quenching [25] . Further, although the total phase shift is only 14.5 over the entire concentration range, the sensitivity and performance are comparable to results from other laboratories (see Table I ). concentrations and then calculating the values for the excited state lifetimes using (2) . The solid line passing through the points in the best fit to the Leher Model [36] . Overall, the plot shows good reproducibility. Finally, our previous analysis of these xerogel based sensors elements indicate that they are stable (reproducibility of better than 8%) for at least a year [10] , [12] , [37] .
The complete sensor system including the LED driver operates on a 5.0-V dc power supply. For a 14-kHz modulation signal, the DPIC consumes 55 mW of average power and the LED driver consumes 25 mW of average power. Developing a completely portable hand-held instrument requires few additional off-the-shelf components. The power supply unit can be implemented using a 9.0 V battery and voltages regulators (such as KA7805 for 5.0 V dc). The function generator can be implemented using a crystal oscillator and any number of sine wave modulators or generators.
VI. CONCLUSION
We demonstrate a phase fluorometric sensor system that is based on a single-chip CMOS-based custom-designed IC for signal transduction and processing, an LED for the stimulus, and a thin film xerogel sensor. The custom-designed IC combines the photodetector and subsequent analog signal processing circuitry on a single chip.
This system operates with a single 5-V supply, which can be produced using a single 9-V battery for complete portability. We illustrate the advantages of phase fluorometric sensors and discuss the parameters that play an important role in the development of CMOS based optical sensor systems such as sensitivity, stability, and dynamic response.
The sensor system (including the gas handling equipment) has a s response time to go from 0% to 100% . Note that the sensor itself responds in milliseconds, but the system includes all of the tubing, valves, gauges, etc., which slows the total response time. The system is reversible, within the limit of the errors introduced by the manual operation of the flow control valves. We are currently working towards improving the signal to background noise ratio, including the LED driver circuitry on-chip to improve control and reduce power consumption, and extending the platform to other biochemical analytes such as glucose and lactate. The latter is achieved by replacing the existing sensor with a sensor that produces or uses in the presence of glucose or lactate; thus, the signal change that is measured is an indirect measurement of the analyte of interest through concentration change [38] , [39] . We believe that this sensor is an important step toward the development of a fully integrated smart sensor that can detect, with high accuracy, desired analytes. The existing signal processing circuit is very compact, so multiple detectors with processing can be integrated in a single package, allowing for a large array of sensing elements. Also, combining intensity information, phase information and location information (inthe array of sensors) produce significantly better results (fewer false positives and higher sensitivities), indeed leading to smarter sensors.
